Abstract -he optical lattice clock develops fast in recent years, and its stability and accuracy has already surpassed the microwave fountain clock and the optical clock based on ion trap. The mercury (Hg) lattice clock has the possibility to make a breakthrough in the limitation of blackbody radiation shift for strontium (Sr) and ytterbium (Yb) lattice clock, and reach the uncertainty in E-18 level at room temperature. For the purposes of laser cooling of mercury atoms and interrogating of the clock transition from 1 S0 state to 3 P0 state, a high-power cooling laser at 253.7 nm and an ultra-stable Hz-level linewidth laser at 265.6 nm are required, respectively. Here, we report our development of these laser sources for a neutral Hg lattice clock.
INTRODUCTION
The optical lattice clock develops fast in recent years [1, 2, 3, 4] , and its stability and accuracy has already surpassed the microwave fountain clock [5] and the optical clock based on ion trap [6] . Due to the obstacle of blackbody radiation, the fractional uncertainties of strontium (Sr) and ytterbium (Yb) lattice clock is very hard to reduce to E-18 level, unless to reduce the temperature uncertainty to mK level [2] or cool the ambient temperature below 100 K [3] . The mercury (Hg) lattice clock has the possibility to make a breakthrough in the limitation of blackbody radiation shift [7] , and reach the uncertainty in E-18 level at room temperature. To demonstrate a mercury lattice clock, a high-power cooling laser at 253.7 nm and an ultra-stable Hz-level linewidth laser at 265.6 nm are required, for the purposes of laser cooling of mercury atoms and interrogating of the clock transition from 1 S0 state to 3 P0 state, respectively.
It's very challenge to realize more than 100 mW output power at 253.7 nm. The only possible way is frequency quadrupled from a high power 1014.8 nm infrared laser, which can generate from optical pumped semiconductor laser [9] , ECDL seeded fiber amplifier [10] and optical pumped Yb:YAG thin disk laser [11] ,optical pumped semiconductor laser, and liquid nitrogen cooled Yb-doped fiber laser amplifier [12] . We developed a kind of room temperature 1014.8 nm high power fiber laser amplifier [13] , which can generate 8 W output power with one stage, and 20 W with two stage. Based on this high power and also robust operation technique, 75 mW of 253.7 nm UV laser was generated with two commercial frequency doubling cavity. But the conversion efficiency and operation stability was still not good. Here, we report a series development on this UV laser system, including a home-made ECDL laser, two high efficient frequency doubling cavity, and the other works for long term operation and stability.
The linewidth of clock transition is about 100 mHz for 199 Hg. To interrogate this transition, an ultra-stable Hz-level linewidth 265.6 nm laser is required. It has to be frequency quadrupled from an ultra-stable high power 1062.5 nm laser, which is frequency stabilized on a high-finesse reference cavity. Ultra-low drift and ultra-low noise are important characteristics of the reference cavity. Another key point is how to suppress the additional noise during fiber transferring. Fiber noise cancellation technique can sufficiently reduce the noise from transfer fiber. Now we are establishing our ultra-stable clock laser system for 265.6 nm clock transition.
In this paper, we report our development of these laser sources for a neutral Hg lattice clock. With these laser systems, we expect to find the clock transition of 199 Hg atoms in MOT.
II. THE COOLING LASER SYSTEM
As mentioned above, to establish a neutral mercury optical lattice clock, the most challenging thing is to generate a high power deep UV laser at 253.7 nm for laser cooling of neutral mercury atom. In our previous work, we developed a room temperature 1014.8 nm fiber laser amplifier with a short polarization-maintaining Yb-doped fiber. But only 75 mW UV laser is generated at 4 W input power of IR laser with two commercial doubling cavities. Here we present our recent improvement of cooling laser system.
A home-made external cavity diode laser (ECDL) works as seed laser for the 1014.8 nm fiber laser amplifier. After a single stage of fiber laser amplifier, the IR laser power can reach about 7 W. Two cascaded high efficient doubling cavities with LBO crystal and BBO crystal was completely demonstrated. The first-stage doubling cavity is locked by Pound-Drever-Hall (PDH) technique with a 5 MHz current modulation on seed laser, while the second stage is locked by Hansch-Couillaud (HC) method. .
A. Home-made ECDL and fiber laser amplification
A home-made external cavity diode laser (ECDL) at 1014.8 nm is home made as seed laser. The ECDL adopted Littrow configuration with an AR-coated laser diode (Eagleyard, EYP-RWE-1060) and 1800 lines/mm grating with 30% diffraction efficiency around 1014.8 nm. The output power is about 45 mW. And the ASE suppression ratio is about 55 dB which is even better than our used commercial laser (Toptica, DL pro), as shown in Fig 1. It guarantees the safe running and high ASE suppression ratio of single-stage fiber laser amplifier. Moreover, driven by a home-made current source with noise of 20.5 nA (RMS, 1-100 kHz, measured at 100 mA with 50 Ohm load), the linewidth of the ECDL is as narrow as below 100 kHz. The result is measured by self-heterodyne detection with 5 km fiber delay and 92.5 MHz frequency shift. The measured spectra is shown in Fig 2 (black dots) , fitted with Voigt function (red line) which includes Lorentz item (white noise) and Gaussian item (1/f noise) [14] . As a result, the linewidth is 65 kHz, neglecting the Gaussian linewidth 0.28 kHz. This is suitable for the 1 S0-3 P1 cooling transition with a natural linewidth of 1.27 MHz.
After an optical isolator, the laser is further filtered by a low pass filter (Semrock, FF01-935/170-25) which has 30 dB ASE suppression at 1030 nm and transmission of more than 95% at 1014.8 nm. Then the laser is coupled into a PM single mode fiber (PM 980) with laser power of 20 mW, which is sufficient for the 1014.8 nm single-stage fiber laser amplifier. Finally, the maximal output power is about 7 W achieved and the ASE suppression ratio is about 45 dB.
B. Two cascaded high efficient doubling cavities
The high conversion efficiency and stability from IR fundamental laser (1014.8 nm) to UV laser (253.7 nm) is crucial to generate high power cooling laser in UV. In our new cooling laser system, two bow-tie ring cavities are adopted to enhance the conversion efficiency.
In the first doubling cavity with a 20 mm long ARcoated LBO crystal, the beam waist of IR TEM00 mode is about 45μm at the center of LBO crystal, and the Fig. 1 . The comparison of ASE between the home-made ECDL (black) and the commercial ECDL (red). The ASE of the home-made ECDL is about 7 dB lower than the commercial ECDL at 1050 nm. Fig. 2 . The beat spectra of the self-heterodyne detection measured by the signal analyser N9020A (Keysight). Black dots are mesured result and the red line is the fitted result with Voigt function including Lorentzian item and Gaussian item. The peak in the spectra is resulted from the low white noise. The resolution bandwidth of the analyser is 3 kHz, and avarag times 100, sweep time 2 s. transmissivity of input coupler is about 3% around 1014.8 nm. Two lenses are used to match the laser beam from fiber laser amplifier to doubling cavity with a high efficiency of about 97.5%. The doubling cavity is locked by PDH technique with a 5 MHz current modulation on seed laser. The output power of green laser is about 3.0 W at 4.9 W input power of IR laser with conversion efficiency of 61%, as shown in Fig 3. In the second doubling cavity with a 7 mm long Brewster-angle incident BBO crystal, a beam splitter is used as an output coupler immediately after BBO crystal to split the UV light from the green light. This method can avoid the UV damage on the cavity mirrors. The beam waist of green laser is about 35 μm in the center of BBO crystal, and the transmissivity of input coupler is about 2% around 507.4 nm. Two cylindrical lenses and two spherical lenses are used to mode match the output green laser from the first doubling cavity and the fundamental mode of second doubling cavity with high efficiency of about 92%. The doubling cavity is locked by Hansch-Couillaud method. The highest output power of UV laser is about 770 mW at 2.7 W input power of green laser with conversion efficiency of 28.5%, and then the power decreases with time to a stable value of 520 mW shown in Fig 4(a) . The performances of these two doubling cavities are well agreed with our design and calculation.
Running at the stable power of 100 mW, the saturated absorption spectroscopy (SAS) of 202 Hg with high signal to noise ratio is detected, as shown in Fig 4(b) .
III. THE DEVELOPMENT OF THE CLOCK LASER SYSTEM
To probe the spectroscopy of clock transition of 199 Hg atom, an Hz-level linewidth laser at 265.6 nm is under construction. The configuration is as following:
A commercial fiber laser (NKT, Basik-Y10) at 1062.5 nm with power of 20 mW and linewidth of 3 kHz is locked to a 100 mm-long ULE ultra-stable cavity (ATFilm). Then, the stabilized laser is amplified by a 2 W 1064 nm fiber laser amplifier. To remove the linewidth broadening induced from the amplification, the amplified laser is phaselocked to the stabilized laser before the amplifier. This decreases the requirement of the low relative intensity noise (RIN) for the laser amplifier. After that, with a single passed PPLN crystal and a frequency doubling cavity, the few mW of 265.6 nm ultra-stable UV laser will be generated. The optical design of whole clock laser system is shown in Fig 5. Since the ultra-stable cavity is located on a passive vibration-damped platform, but the laser system is on an optical table, a noise-cancelled fiber link is adopted. And the fiber-noise-cancellation (FNC) method is also used to connect our stabilized laser to the fiber frequency comb, which is about 50 m far away from our lab and is locked to a Hydrogen clock or another fiber-stabilized laser [15] .
A. The development of ultra stable laser system
In order to remove the influence of the pressure floating induced air index change and increase the heat transfer time from outside to the cavity, the ultra-stable cavity is located in a carefully designed vacuum system shown in Fig 6. The vacuum system contains four layers from ULE cavity to outside: the cavity support, the gold-coated shield, the temperature stabilized layer, and the vacuum chamber. The vacuum pressure reaches 1x10-7 Torr now.
There are four TECs installed inside the vacuum and another four are located outside to achieve two-stage temperature stabilization. And four NTC thermal resistors are glued on the surfaces of thermal-stabilized layer: one is at the bottom, one is at the top, and two are at the side which avoids the optical windows. The one at the side surface is adopted as the control point, and the left three are used to monitor the temperature. Fig 7 shows a 11 -days continuous measurement of temperature. The temperature fluctuations of three test points are all less than 0.8 mK (peak to peak), and two of which are within 0.4 mK (peak to peak). The short-term temperature drift is even better. Considered that the system would be located in an acoustic-isolation enclosure, the temperature fluctuation could be reduced further.
For the purpose of detecting μW-level fast modulated optical signal, a detector is designed with high gain of 100 kv/A and DC output, based on a single-stage transimpedance amplifier. The output voltage noise density of the detector in the dark is shown in Fig 8. Thus the equivalent input current noise is as low as 0.8 pA/sqrt (Hz) at 20 MHz (center frequency of EOM) and it is smaller than the most of commercial optical detectors. The bandwidth is around 50 MHz which is sufficient for 20 MHz signal detection. Taking these advantages, the noise floor of PDH error signal is about 200 mVpp without any extra amplification and with 15 W laser input. Moreover, we have also designed other circuites like the cavity locking servo, the fiber noise cansellation servo.
B. Results.
The 1062.5 nm fiber laser has been roughly locked to the cavity. Here, we report some current results including finesse measurement and the evaluation of some factors' influences on the ultra-stable laser. The finesse of the cavity is measured by the cavity-ringdown spectroscopy from the transmission signal. Fig 9 shows the transmission signal fitted with the formula in [16] (page 120, formula 4.23). The finesse turns out to be 460,000.
We have also tested the influence of the vibration and the residual amplitude modulation (RAM) on the frequency of the stabilized laser. Fig 10 shows the tested results with Brown thermal noise. Among the curves, the vibration (1-20 Hz) and the RAM induced frequency noise are both under the thermal noise limit. It should be mentioned that during the calculation the vibration sensitivity is estimated as 1.4 x10 -10 /g in reference with [17] . And the vibration induced frequency noise above 20 Hz is resulted from the sound noise which is not shielded currently.
We are now working on the two-stage frequency doubling system after a 1062.5 nm fiber laser amplification. Eventually we would measure the clock frequency of the 199 Hg in the MOT which is a key step to pursue the Hg optical lattice clock. 
